The subject of this review is the discovery of expansins and their role in plant cell wall expansion. The review is introduced with a summary of the importance of wall expansion in the control of plant cell growth, and a brief discussion of the nature of cell wall extension in plants. The role of expansins in wall extension and their mechanism of action will be reviewed, and, finally, the role of expansins in plant cell growth will be discussed.
Introduction

The importance of wall expansion
Because of its key role in the growth of plant cells, the cell wall has been the subject of much research and discussion. As long ago as the 1930s it was suggested that cell wall plasticity (its ability to undergo irreversible deformation) was the controlling element in plant growth (Heyn, 1932) . The growth of a plant cell results from an interplay between turgor in the protoplast and stressrelaxation in the wall and these two things are intimately related to one another. The presence of the strong wall allows the protoplast to exist in hypo-osmotic solutions (such as those typically found in the apoplast) and this difference in osmotic pressure produces a potential for water to enter the protoplast. Because the surrounding wall constrains the protoplast from increasing its volume, the difference in water potential, due to the osmotic gradient, is balanced by the development of hydrostatic pressure in the protoplast. This pressure, or turgor, is expressed against the constraining wall generating high mechanical stress within it. In a growing cell, polymers within the wall (once stress exceeds the yield threshold) can rearrange themselves in compliance with this stress, allowing it to relax. Because wall stress is the balancing force for cell turgor, relaxation of the stress will lower cell turgor (and hence water potential) inducing an influx of water into the protoplast. This influx leads to an increase in cell volume and restores cell turgor and hence wall stress. This is, of course, a semi-static description of what is assumed to be the process of cell expansion. In reality the processes of water uptake and wall stress relaxation will be operating continuously to produce a smooth increase in volume. The main point to take from this description is that wall stress relaxation initiates the uptake of water, and hence initiates growth of the cell.
Wall extensibility correlates with growth rate in living plants
Observations, dating from the 1930s to the present day, have shown a clear correlation between growth and cell wall extensibility. There are a number of techniques employed for the purpose of measuring growth in living plants. The pros and cons of these have recently been reviewed (Cosgrove, 1993) . Measurements of wall extensibility in living plant tissues have revealed that the walls of rapidly growing tissues are much more extensible than those of slowly-or non-growing tissues. It is, therefore, generally accepted that wall mechanical properties control whether, and at what rate, a plant cell can grow.
The physical basis of wall extensibility
It has also been generally accepted that the changes in wall extensibility observed in living plant tissues, would result from changes in the viscoelastic properties of the cell walls. Viscoelasticity describes the process by which a material, that combines both elastic elements and elements of viscous flow, deforms under an imposed mechanical stress. Viscoelasticity results from purely physical properties that arise from the interactions of the polymers that make up the material. It was anticipated that such changes in the viscoelastic properties of the wall would be the result of changes in the chemical structure of wall polymers. These chemical changes, in turn, would result from the activity of wall enzymes. These hypothetical enzymes became known as 'cell wall loosening enzymes' because their activity would loosen the interactions between load-bearing polymers in the wall, thus rendering the walls more extensible. How such wall loosening enzymes would work has prompted considerable discussion.
Composition and structure of growing cell walls
It is not within the scope of this review to give an exhaustive coverage of this topic. It will, however, be useful to give a brief summary of current thinking on the subject as it pertains to wall extension. The growing primary cell wall of dicots contains a wide array of, often complex, polymers. Groups of these polymers are thought to form networks throughout the wall. These networks, and the interactions between them, endow the wall with its mechanical properties. Broadly speaking, three co-extensive polymer networks have been described in plant cell walls. Cellulose microfibrils are the largest structural element in the wall. These microfibrils are coated by an array of polysaccharides (broadly classed as hemicelluloses) which form extensive hydrogen-bonded interactions with the surface of the microfibrils. The major hemicelluloses in dicot primary walls are xyloglucans. Xyloglucans have been shown to span between neighbouring microfibrils linking them together and thus forming a cohesive, hydrogen-bonded, network throughout the wall. Between them, cellulose and hemicellulose account for about 60% of the dry weight of the wall and are considered by many to be the mechanically loadbearing component of the growing wall (Fry, 1989; Roberts, 1994; Carpita and Gibeaut, 1993) .
Coextensive with this is another network formed from various pectins (polyuronic acids) which are held to one another largely by ionic linkages. A third network is formed by structural proteins such as extensins (not to be confused with expansins). These are a relatively minor component in the growing wall and are secreted as monomers which are subsequently cross-linked to form a network and may be structurally significant once growth has ceased. Two informative and up-to-date reviews on wall structure (Carpita and Gibeaut, 1993; McCann and Roberts, 1994) are recommended.
There appear to be few, if any, covalent links between the networks in the growing cell wall, and a point worth emphasizing is that non-covalent associations play a key role in determining the mechanical properties of the growing cell wall.
Wall hydrolysis and wall extension
It was generally predicted that cell wall loosening enzymes would prove to be polysaccharide hydrolases that would digest matrix polymers, thus weakening the wall. There is considerable circumstantial evidence in support of this. For example, Labavitch and Ray (1974) reported that the autolytic release of xylose and glucose from pea epicotyl cell walls showed a good correlation with the growth rate of the tissues, suggesting that xyloglucan hydrolysis was associated with wall extension. In support of this, it has been reported that xyloglucan-binding antibodies can block auxin-induced growth in azuki bean epicotyls . A similar effect of fucosebinding lectins has also been reported . These data were interpreted, by the authors, to suggest that antibody, or lectin, binding to the xyloglucan in the walls prevented their hydrolysis and, therefore, blocked growth. Other evidence has come from analyses of the molecular mass distributions of matrix polysaccharides isolated from cell walls after auxin-stimulation (Nishitani and Masuda, 1983; Talbott and Ray, 1992) .
However, there has been little or no evidence to show that wall hydrolases could stimulate wall extension. Indeed, there is some evidence to the contrary of this. Ruesink (1969) reported that the addition of hydrolytic enzymes could measurably weaken cell walls without inducing extension. More recently, Cosgrove and Durachko (1994) reported a very similar finding.
The extensibility of isolated walls
The hypothesis that the extensibility of cell walls in living plants results from the viscoelastic properties of the wall material has been extensively tested by the application of techniques developed in the material sciences. These are mechanical assays designed to measure the viscoelastic properties of polymeric materials. Three different types of this class of assay have been used in cell wall studies: stress strain (or Instron) measurements, in vitro stress relaxation, and constant-load extension (or creep). There is a highly important difference between these assays and those that measure wall extensibility in living plant tissues. These three techniques all use walls that have been isolated from cellular activities. While the results from living plant tissues are fairly unanimous in showing a close relationship between wall extensibility and growth rate; those from experiments carried out on isolated cell walls have, at times, been more ambiguous (for a review see Cosgrove, 1993) .
For example, Coartney and Morre (1980) found that although supraoptimal concentrations of auxin caused a large increase in wall extensibility they were actually inhibitory to growth. Cosgrove and Sovonick-Dunford (1989) reported that chemically dwarfed pea seedlings showed lower wall extensibility than non-dwarfed controls when measured in a living plant. However, Instron tests, to measure the viscoelasticity of isolated walls, found no such differences.
In vitro stress relaxation assays have seen considerable use in the literature as a means of measuring cell wall viscoelastic properties. In these experiments a piece of material (cell walls in this case) is rapidly stretched between two clamps. This stretching generates tensile stress in the wall which is measured by a force transducer. Once a predetermined stress is reached, stretching ceases and the material is held at constant size (constant strain). As the polymers in the material rearrange themselves into lower energy conformations, energy is released as heat and stress is relaxed. Stress relaxation can be followed with the force transducer, and the rate of relaxation reflects the extensibility of the material; a more extensible material relaxes more rapidly. Additionally, different time points during the relaxation process are believed to represent different molecular events. Relaxations occurring early during the measurement represent small molecular rearrangements and later relaxations result from larger molecular movements.
This method was first applied to algal cell walls by Haughton et al. (1968) . The technique was applied to higher plant cell walls by Cleland and Haughton (1971) and by Yamamoto et al. (1970) . A notable feature in much data from in vitro stress relaxation has been the negligible differences between stress relaxation in walls from slowly and rapidly growing tissues. For example, Yamamoto and Masuda (1971) compared in vitro stress relaxation data between walls from Avena coleoptiles growing in the presence or absence of IAA. Despite the dramatic effect of IAA on growth rate in coleoptiles, no measurable differences between the rates of relaxation in the isolated (and inactivated) walls were detected. The authors suggested that the very small alteration in minimum relaxation times, between the walls, was significant to the IAA response. However, it is unlikely that such a small difference could underlie such large differences in growth rate.
A common feature of the experiments described above is that they all used metabolically inactive cell walls which had been proteolysed and/or boiled in methanol. In contrast, data obtained from isolated cell walls which were biochemically active (i.e. contain their complement of native enzymes) show dramatically different results.
Biologically significant wall extensibility depends on the presence of active enzymes
The third method for analysing the mechanical properties of isolated cell walls measures the long-term extension of walls under a constant applied force. Such long-term extension is also referred to as 'creep'. In these assays isolated cell walls are typically held between a fixed and a mobile clamp. A weight is applied to the mobile clamp such that an extensive stress is generated in the walls. Extension is measured by the displacement of the lower clamp. These creep assays better reproduce the kinds of forces experienced by walls in growing tissues. This is because the imposed stress is constant, as would be that imposed by rurgor pressure, and is calculated to approximate the magnitude of the stresses experienced by walls in living tissues. The notable difference between assay conditions and the living system is that the applied stress is in one plane only, whereas in the living plant stress would be multiaxial. Some general features of data from creep experiments is described in the next section. Figure 1 shows data obtained in creep experiments using isolated cell walls from growing cucumber hypocotyls and illustrates the pertinent features of the data under discussion. In these experiments cell walls from growing cucumber hypocotyls are isolated from cellular activity by a cycle of freezing and thawing. The cuticle is disrupted, by abrasion, to allow the free movement of solutes through the material. The wall specimen is sealed in a chamber during the experiment so that it can be bathed in appropriate media (Cosgrove, 1989) .
The upper trace in Fig. 1 shows the rapid extension of wall material under a constant load of 20 g when bathed in a solution buffered to pH 4.5. In contrast, the middle trace shows the much slower rate of extension when the same measurement is performed at pH 7.0. The dependence of wall extension on pH was first observed by Rayle et al. (1970) and played a role in the development of the 'acid growth theory'. That this acid-induced extension is the product of an enzyme-mediated process is indicated . Hypocotyl sections were; frozen, thawed, abraded, pressed between glass plates, and clamped (with 5 mm of tissue between the clamps) in a custommade extensomcter. A constant tensile force of 20 g was applied to the clamped sections and extension of the walls measured by a Linear Variable Displacement Transducer. During extension, the sections were enclosed by a cuvette sealed around with vacuum gTease, this enabled the tissues to be bathed in the appropriate media (Cosgrove, 1989) . For this experiment two buffered solutions were used: 50 mM sodium acetate, pH 4.5; and 50 mM sodium phosphate, pH 7.0. Native Walls were hypocotyl sections prepared as described above. Boiled Walls were prepared in the same manner except that they were immersed in boiling water for 15 s prior to being pressed. Data are representative traces from four similar measurements.
by its elimination by a simple heat treatment. The two lower traces in Fig. 1 show that 15 s in boiling water eliminates the high rate of extension at pH 4.5. Cosgrove (1989) showed that acid-induced extension exhibited a Q 10 higher than for a physical process (such as the viscous flow of pectin solutions), was eliminated by heat or proteolysis, was inhibited by low concentrations of metal ions, and stimulated by sulphydryl reducing agents. These characteristics all indicate that acid-induced extension is enzyme mediated.
Acid-induced extension is related to growth
A question sometimes raised is whether or not the extension of isolated cell walls is related to the growth process and hence reflects in vivo wall extension. Figure 2 indicates a positive answer to this question. Cell walls were isolated from various positions along an etiolated cucumber hypocotyl. The extension of isolated walls was measured at pH4.5 (B), and at pH 6.8 (C). When this is compared with the growth rates of the tissues from which the walls were isolated (A) it is clear that acid-induced wall extension and growth show the same pattern and are probably connected. It should also be noted that the extension of heat-inactivated isolated walls from the same tissues show little difference in extensibility, at pH 4.5, between walls from growing and non-growing tissues (D) . These data clearly demonstrate that it is the enzymemediated (pH-dependent) aspect of wall extensibility that The distribution of growth and wall extensibility in a cucumber hypocotyl. Methods were similar to those outlined in Fig. 1 except that 5-d-old etiolated seedlings were used and a sequential series of I cm sections were cut from the apex. Growth rate was measured by marking the hypocotyl with spots of ink at 1 cm intervals. Seedlings were left in the dark for a further 8 h; after which the displacement of the spots was measured and growth rate calculated. Seedlings for extensometer assays were harvested at the same time as the ink spots were applied. The preparation of Native and Boiled Walls was the same as in Fig. 1 , as were the buffers used.
is associated with growth. In contrast, the physical extensibility of walls, after the enzymes have been inactivated, shows little relationship to growth. This highlights the necessity of carefully controlling pH during measurements of wall extensibility, and suggests that experiments measuring wall viscoelasticity in dead cell wall specimens may be missing important information.
A major component of wall stress relaxation is enzyme mediated
Recently, McQueen-Mason and Cosgrove (1995) published data which show that a significant part of the stress relaxation properties of cell walls is also dependent upon the presence of wall enzymes. Part of this data is reproduced in Fig. 3 and highlights some features important to this present discussion. As with that presented in Fig. 1 , there are two very striking elements in this data. First, there is again a strong dependence on wall pH. When stress relaxation measurements are carried out at pH 4.5 the rates of relaxation are consistently higher than when carried out at neutral pH. Secondly, this pH-dependent component of stress relaxation is not seen in walls which have been inactivated with a brief heat treatment. It appears that a significant proportion of wall stress relaxation, as well as wall extension, are under enzymatic control.
It is likely, therefore, that a significant proportion of Cosgrove, 1995) . Isolated walls were prepared as in Fig. 1 . Native Walls were preincubated for 30 min in 50 mM sodium acetate, pH 4.5 prior to stress relaxation measurement. Boiled Walls had the same treatment except that they were immersed in boiling water for 15 s at the end of the incubation. Wall specimens were rinsed three times in either 50 mM HEPES, pH 6.8, or 50 mM sodium acetate, pH 4.5 to adjust wall pH to the appropriate value before the measurement, and were kept hydrated with the same buffer during the measurement. Stress relaxation measurements were performed in a custom-made tensile tester as described by Cosgrove (1989) . Wall specimens were held between two clamps and extended at a rate of 170 mm min" 1 until a stress of 20 g was attained. Specimens were held at this length (constant strain) and stress was measured, using a force transducer, over 5 min. Data are averages of ten measurements.
wall stress relaxation is directly determined by enzymes which operate optimally at acidic pH. If this enzymemediated stress relaxation was due to a gross alteration in the viscoelastic properties of the wall, for example, by changes in polymer size, then the effect should also be evident in the inactive cell walls. Instead, enzymemediated stress relaxation is only evident when the wall enzymes are present in their native state during the measurement.
These data point to three conclusions. Firstly that acid-induced extension and the pH-sensitive component of stress relaxation are enzyme-mediated processes. Secondly, that these two phenomena have much in common. Thirdly, that wall extension and stress relaxation under these conditions are bio-chemorheological processes rather than purely viscoelastic ones.
Viscoelastic extension describes a purely physical process by which a material undergoes strain in response to an imposed stress. Deformation of the material under this stress results from the rearrangement of bonds between the polymers of the material. In contrast, a chemorheological process requires the chemical cleavage of bonds within the polymer system which allows strain to occur, and strain will only proceed as long as that reaction is occurring. Therefore, a strain which occurs only in the presence of an enzyme-mediated process may be termed a bio-chemorheological process. This may seem to be just a matter of semantics, but the differences in these processes are of importance in identifying the mechanisms of wall expansion.
A major point highlighted by this observation is that wall extension can not be facilitated by simple polymer hydrolysis. If changes in stress relaxation were caused by wall hydrolysis, then this effect should still be evident whether or not the enzymes are present during the measurement. Similarly, hydrolysis of load-bearing polymers will lead to a progressive weakening of the cell wall as the polymers become smaller and smaller (hence the interactions between polymers get smaller and weaker). Figure 1 clearly shows that this is not the case and isolated walls can extend at a linear (or declining) rate for many hours. In this situation a hydrolase would progressively weaken the wall and the rate of extension should increase with time. It is arguable that in living plant cells wall hydrolysis and wall deposition are balanced such that the strength of the walls is kept constant. However, the data under discussion concerns the enzyme-mediated extension of isolated walls in the absence of wall synthesis.
Besides illustrating some of the characteristics of wall extensibility, it is hoped that this section reinforces the important differences between studies conducted with the three different conditions of cell walls. Studies in living tissues will include effects from wall viscoelasticity, the activity of cell wall enzymes, and the activity of the protoplast (wall deposition, proton pumping etc.). Studies using isolated metabolically active walls will include effects from wall viscoelasticity, and from wall enzymes. Studies on isolated inactivated cell walls probably represent effects from wall viscoelasticity only. These differences may help explain some of the disparities in the literature. McQueen-Mason et al. (1992) developed a reconstitution assay to isolate proteins that could induce cell wall extension in vitro. The method involved adding proteins (in solution) back to cell walls which had been heatinactivated, and assaying their effects in creep assays. Figure 4 is reproduced from this initial report and shows a successful reconstitution of wall extension using proteins that had been salt-eluted from growing hypocotyl walls. In these experiments 4-d-old etiolated cucumber seedlings were used. The hypocotyls of these seedlings exhibit rapid elongation growth, with growth confined to the apical 2-3 cm of the hypocotyl. The cells at the base of the hypocotyl have ceased expansion as have the cotyledons in these seedlings.
Expansin isolation
Only walls from the growing tissues possessed extractable extension-inducing activity. Soluble (non-wall) , 1992) . Apical 1 cm sections of cucumber hypocotyl were prepared, and wall extension measured in an extensometer, as described in Fig. 1 . After 30 min of extension of boiled walls in 50 mM sodium acetate, pH 4.5, the bathing solution was exchanged for one containing 2-3 mg of protein. Protein was either a soluble cellular extract (Soluble) or a salt-eluted extract from cell walls as described in McQueen-Mason et al (1992) . Apical Wall Proteins were extracted from walls isolated from the rapidly growing apical 3 cm of the seedlings. Basal Wall Protein was extracted from walls isolated from the non-growing base of the hypocotyl. Cotyledon Wall Protein was extracted from walls isolated from the cotyledons of the seedlings which were not expanding under these conditions. proteins did not have this activity and neither did wall proteins from non-growing tissues (Cotyledon Walls and Basal Walls). This reconstitution assay was used, in conjunction with standard chromatographic methods, to isolate two proteins from cucumber walls that induced wall extension in vitro. These proteins have apparent molecular masses of 29 and 30 kDa as estimated by SDS-PAGE. This class of proteins was subsequently given the name expansins to reflect their activity. The two cucumber expansins, which were designated as Ex29 and Ex30 (McQueen-Mason and Cosgrove, 1994) , appear to be very similar proteins, but do exhibit subtle differences in activity (McQueen-Mason and Cosgrove, 1995) .
Expansins catalyse ac/d-induced wall extension
The characteristics of extension induced by expansins is almost identical to those of acid-induced extension in native cell walls (McQueen-Mason et al, 1992) . Both have pH optima between pH 3.5 and 4.5 and both are inhibited by millimolar concentrations of Al or Cu. A curious feature of acid-induced extension was its ability to survive after walls had been boiled in methanol (Cosgrove, 1989) . It was subsequently shown that active expansins can be extracted from methanol boiled walls (McQueen-Mason et al., 1992) . Acid-induced extension is only found in cell walls isolated from growing tissues (Goldberg and Prat, 1981) . Similarly, expansin activity could not be extracted from non-growing tissues (McQueen-Mason et al., 1992) . These data argue that expansins are the enzymes responsible for the acidinduced extension of isolated cell walls.
The amounts of expansin necessary for the reconstitution of acid-induced-extension is very similar to the amount of expansin found in the walls of growing tissues. Rapidly growing hypocotyl walls contain about of 200 ng of expansin per mg dry weight of walls (McQueen-Mason and Cosgrove, 1995) . Adding back as little as 80 ng of expansins per mg dry weight of walls is sufficient to induce measurable extension (doubling of basal rate) while about 300 ng per mg will restore comparable rates to that seen in native walls (unpublished data). This shows that the amount of expansin used to reconstitute extension is low and comparable to that found in native walls. These data support the notion that expansins are responsible for the acid-induced extension of cell walls.
Expansins catalyse wall stress relaxation
More recently, McQueen-Mason and Cosgrove (1995) have shown that expansins are also responsible for the pH-dependent aspect of in vitro stress relaxation in isolated cell walls. Figure 5 shows that adding expansins to heat-inactivated cell walls restores the large pH-dependent component of stress relaxation which is lost during inac- Cosgrove, 1995) . Cell wall specimens were isolated and inactivated by 15 s in boiling water as described in Fig. 1 . Boiled cell wall specimens were incubated for 1.5 h in 5 fig ml" 1 of Ex29 or Ex30 in 50 mM sodium acetate, pH4.5, or in buffer only (Boiled). Prior to stress relaxation assays, wall specimens were rinsed three times in either 50 mM HEPES, pH 6.8, or 50 mM sodium acetate, pH 4.5 to adjust wall pH to the appropriate value before the measurement, and were kept hydrated with the same buffer during the measurement. Stress relaxation assays were earned out as described in Fig. 3 . Proteins Ex29 and Ex30 were purified from cucumber cell walls as described in McQueen-Mason etal. (1992). tivation (see Fig. 3 ). This figure also shows that the two expansins from cucumber cell walls affect different parts of the stress-relaxation spectrum of the walls. Ex29 increases the rate of relaxation maximally between 1 and 30 s (Fig. 5A) while Ex30 affects more the later (slower elements) in the relaxation, 30-100 s and beyond (Fig. 5B) .
Expansins in other plants
Expansin activity is not peculiar to cucumber hypocotyl walls. Cucumber expansins have been shown to induce extension in walls from a number of different species and tissues. These include: pea epicotyls, maize coleoptiles, tomato epicotyls, radish hypocotyls, and onion and lily leaves (McQueen-Mason et al, 1992) ; and oat coleoptiles (Li et al., 1993) . Furthermore, expansins have been purified from oat coleoptiles (Li et al., 1993) 
and detected
Expansins and cell wall extension 1645 in a number of different plant tissues including roots (Wang et al., 1994) and leaves (unpublished data). There are notable differences in the structure of cell walls from different plant species. In particular, the walls of graminaceous monocots (such as oat) have quite a different complement of matrix polysaccharides compared to those of typical dicot walls (see Carpita and Gibeaut, 1993 , for a review). It is interesting to note that oat expansins can induce cucumber cell wall extension as well as vice versa (Li et al., 1993) . This suggests that expansin activity transcends these differences in structure and that the mechanism of wall extension may be conserved between these species.
Expansin action
Expansins are not hydrolases
All the evidence so far gathered about expansins indicates that they are not hydrolytic enzymes. When inactivated cell walls are incubated with expansins for long periods at acidic pH, there is no detectable release of soluble sugars from the walls (McQueen-Mason et al., 1992 ). This appears to eliminate the possibility that expansins are exohydrolases; that is to say they do not hydrolyse small soluble sugars from the ends of polysaccharides in the walls. This does not eliminate the possibility that expansins might be endohydrolases; that is to say, hydrolases that cleave polymers in mid-chain positions. Endohydrolytic activity in expansins has been investigated using both viscometric assays and the examination of their effects on the size distribution of polymers (McQueen-Mason and Cosgrove, 1995) . Expansins showed no activity in these assays, either with cucumber wall matrix polysaccharides (McQueen-Mason and Cosgrove, 1995) , or with commercially available substrates (McQueen-Mason and Cosgrove, 1994) . That expansins do not induce wall extension through simple polymer hydrolysis has been confirmed by experiments, described below, that suggest that expansin action is a chemorheological process.
Expansin action is a chemorheological process
The most convincing evidence that expansins catalyse a chemorheological process comes from stress relaxation experiments using heat-inactivated cell walls which were reconstituted using purified expansins. If expansins were straightforward hydrolytic enzymes which digest matrix polysaccharides, then their effect on polymer size should be time-dependent. In other words, the longer the walls were incubated with expansins, the more polymers would be hydrolysed, and the weaker the walls would become. Figure 6A (taken from McQueen-Mason and Cosgrove, 1995) shows that walls which had been incubated for 10 min with expansins showed the same rates of Fig. 1 . Boiled walls were incubated with 5/igml" 1 of Ex29 in 50 mM sodium acetate, pH 4.5 for 10 min or for 90 min prior to measurement in the tensile tester as described in Fig. 3. (B) Boiled walls were given one of three treatments. The first group was incubated with 5 ^g ml ~' of Ex29 in 50 mM sodium acetate, pH 4.5 for 1 h; at the end of the incubation the walls were again boiled in water for 15 s (Boil-Ex29-Boil). The second group were immediately give a second 15 s boil in water and then incubated with Ex29 for I h as described above. The third group received a second 15 s in boiling water followed by incubation in 50 mM sodium acetate, pH 4.5 for 1 h. Stress relaxation assays were carried out as described in Fig. 3 . Protein Ex29 was purified from cucumber cell walls as described in McQueen-Mason el al. (1992) . stress relaxation as those that had been incubated for 90 min with expansins. It appears that no additional changes in wall mechanical properties occurred during the intervening 80 min of incubation. This indicates that expansins are not acting hydrolytically as this should have led to increased structural changes in longer incubations. In Fig. 6B , inactivated walls are treated with expansins for 1 h at acidic pH. After incubation with the walls, the expansin protein is inactivated by a brief heat treatment (Boil-Ex29-Boil). The stress relaxation spectrum of these walls is almost identical to that of walls which have not had expansins added back (Control). If expansins operated by causing covalent changes in wall structure which altered the wall's mechanical properties (by hydrolysing matrix polysaccharides for example), then this change should still be apparent after the expansins had been inactivated. This is clearly not the case; inactivation of the expansins after incubation eliminated any detectable changes in the stress relaxation behaviour of the walls. Walls which had been given two successive heat treatments followed by 90 min with Ex29 (Boil-Boil-Ex29) were used as a control treatment. These walls showed a stress relaxation spectrum typical for expansin reconstitution.
From these data it should be clear that expansins do not function as typical hydrolases. Apparently, wall stress relaxation is only induced, in the presence of active expansins, when the walls are under physical tension. It is also evident that expansin-induced stress relaxation shows strikingly similar characteristics to that seen in growing cell walls (Fig. 3) . The major component of both is lost on heat treatment indicating they are both biochemorheological processes and are probably one and the same. The question then arises, how do expansins induce wall extension? This subject is addressed in the next section.
Mechanism of expansin action
The fact that in vitro wall extension and stress relaxation only occur when native (undenatured) expansins are present in the walls and the walls are under tension suggests at least three possible mechanisms of action (McQueen-Mason and Cosgrove, 1995) . Firstly, expansins might be hydrolytic enzymes that are specific for polymers under physical tension. Secondly, they may be endotransferases. Such enzymes cleave bonds in midchain positions of polymers and then use the energy of cleavage to re-make the bond at a new position or with another polymer. Thirdly, expansins might act by disrupting non-covalent bonds within the wall.
The first possibility is difficult to address, but so far no evidence supporting this hypothesis has been obtained. With regard to the second model, xyloglucan endotransglycosylase (XET) has been much discussed as a potential wall loosening enzyme in recent years (Fry et al., 1992; Nishitani and Tominaga, 1992; de Silva et al., 1993) . McQueen-Mason et al. (1993) examined the possibility that expansins might be XETs. It was shown that a fraction of soluble proteins containing high XET activity could not induce wall extension in vitro; and that purified expansins, with high wall extension-inducing activity, did not possess XET activity.
The third possibility, that expansins act by disrupting non-covalent bonds, is attractive because the polymers of the primary cell wall are held to one another largely by non-covalent interactions. Most especially, the cellulosehemicellulose network, believed by many to be the structurally load-bearing polymer system in the wall, is held together by extensive hydrogen bonding (Carpita and Gibeaut, 1993) . Determining whether expansins induced extension by disrupting the hydrogen bonds between cellulose microfibrils and the hemicelluloses which coat them and are believed to connect them, is not straightforward for two reasons. Firstly, there is no simple assay for the disruption of hydrogen bonds; the process would produce no obvious changes in structure, which would allow reaction products to be detected. Secondly, the cell wall is a complex mix of polymers; trying to demonstrate that such a subtle effect was taking place within a specific polymer system would be extremely difficult.
To get around this problem an alternative substrate for expansin action was sought. Paper composed of cellulose was felt to be a good possibility for such experiments. Structurally it much simpler than plant cell walls because, in its purest form, it contains only cellulose fibres. Cellulose fibres themselves are very strong. However, the physical strength of paper lies in the interactions between the fibres, rather than in the fibres themselves. It is generally accepted that the major interaction holding paper together is hydrogen bonding between the fibres (Clark, 1985) . Such interactions are very strong in dry paper, but are weaker in water because water molecules compete for the hydration sites on the fibrils.
Expansins disrupt hydrogen bonding in paper
McQueen-Mason and showed, using extensometer and stress relaxation measurements, that expansins could significantly weaken the mechanical properties of Whatman No. 3 filter paper. They showed that this weakening was not the result of hydrolysis of the cellulose fibres and was, therefore, most probably caused by the disruption of hydrogen bonds between the cellulose fibres. This was supported by the fact that chaotropes (such as urea) had a similar effect on the paper.
As already mentioned, there are massive differences in structure between paper and primary cell walls. These experiments clearly demonstrate the ability of expansins to disrupt hydrogen bonds between polysaccharides, but do expansins work in this way in the cell wall?
Expansin action in cell walls
Evidence that expansins operate by disrupting hydrogen bonds within the cell wall is much less direct. The site of expansin binding in the wall is important in this regard. If expansins operate by disrupting hydrogen bonds within the cellulose-hemicellulose network, then one would predict that they would bind to some part of that network. The site of expansin binding in the wall has been addressed biochemically. The approach reported by McQueenMason and Cosgrove (1995) was to assess the binding of expansins to various components and composites derived from primary cell walls. Binding was assessed by an activity subtraction assay. A defined solution of expansins was mixed with a measured quantity of substrate. The subsequent mixture was assayed for expansin activity. It was predicted that the more the expansins bound to the Expansins and cell wall extension 1647 substrate, the less free expansin would be in the solution, and hence activity would be lowered. Binding was also quantified using ELISAs.
These activity-binding assays (McQueen-Mason and Cosgrove, 1995) revealed that expansins have little or no affinity for solubilized matrix polymers (pectins and hemicelluloses) from cucumber cell walls. Expansins did, however, bind quite strongly to the insoluble components of the wall. This insoluble matter is largely cellulose, but probably contains residual tightly-associated hemicelluloses as well as structural proteins. Treatments to remove structural proteins, such as prolonged protease or hot hypochlorite treatment, had little or no effect on expansin binding. This strongly suggests that expansins do not bind to wall structural proteins. Three different treatments; hot trichloroacetic acid, prolonged extraction in 6 M NaOH, and cellulase digestions, were used to remove tightly associated hemicelluloses and noncrystalline regions from the cellulose. All of these treatments strongly reduced the ability of the cellulose to bind expansins. Binding to highly cleaned cellulose was relatively low, but was markedly increased by coating the cellulose with hemicelluloses. These data all indicate that expansins bind at the interface between cellulose fibrils and the hemicelluloses that coat them. This is precisely the binding site which would be predicted if expansins acted by disrupting the hydrogen bonding between these polymers.
Other supportive evidence for this proposed mechanism comes from the observation that urea has a stimulating effect on expansin-induced wall extension (McQueenMason and Cosgrove, 1994) . Urea at a concentration of 2 M doubled the rate of extension of both native, and expansin-reconstituted cell walls. This synergistic effect was apparent up to a concentration of 4 M urea; higher concentrations than this were inhibitory. The simplest explanation of this phenomenon is that the chaotropic effects of urea weaken hydrogen bonding in the wall thus enhancing the effects of expansins. At higher concentrations urea probably denatures expansins reducing their activity.
All the available evidence points to the mechanism of expansin action involving the disruption of hydrogen bonding between the cellulose microfibrils and the hemicelluloses that hold them to one another in the wall. This is a highly unusual mechanism of protein action. The energy for expansin action appears to be derived from a mechanical source (energy stored in the constrained bonds of a polymer under tension) rather than from a chemical one.
Are expansins enzymes?
It has been suggested that expansins, because they neither make nor break covalent bonds, are not enzymes. There are several lines of argument, and at least one precedent of definition, which argue for the fact that expansins are indeed enzymes. Let us first consider the arguments and then the precedent.
Enzymes are generally defined as biological catalysts that speed up the rate of a reaction by lowering its activation energy. Quantitative measurements show that expansins are present and active in catalytic rather than stoichiometric quantities. McQueen-Mason and Cosgrove (1995) reported that rapidly growing cell walls from cucumber hypocotyls contained 193 ng of expansin for every mg of wall dry matter. We have found that 80 ng of purified Ex29 per mg dry weight of walls is sufficient to induce sustainable doubling of the extension rate of inactivated walls. These are ratios of 1:5000 and 1:12 500 of expansin to wall dry matter, respectively. Such small amounts of expansin indicate they operate in catalytic rather than stoichiometric quantities. This fulfils the first part of our definition of an enzyme. Because expansins speed up wall extension in the absence of other factors such as additional heat, it is clear that they must be lowering the activation energy of this process. This fulfils the second part of our definition and, by such a definition, expansins can be considered enzymes.
As for a precedent in the world of enzymes, attention should be drawn to helicases which separate the strands of DNA during replication. Like expansins they do not alter the covalent structure of their substrate, but do disrupt hydrogen bonds between the two strands. The similarity weakens after that point because helicases utilize ATP hydrolysis as a source of chemical energy for their action, whereas expansins appear to utilize mechanical energy. These arguments are semantic in nature, but should not obscure the pertinent point which is that expansins are catalytic rather than structural components of the wall.
Role of expansins in vivo
Work on expansins has been almost exclusively of an in vitro nature. The virtue of this approach has been that it allowed expansins to be isolated. It is now necessary to address the role of expansins in the living plant. Definitive answers to this will have to await the outcome of the reverse genetic experiments at present in progress or planned for the future. In the meantime, there are a few pertinent observations from which we can draw some general conclusions. Figure 7 is intimately related to Fig. 2 and compares two wall extension characteristics with the growth rate of the tissues from which they were isolated. The hypocotyls show the normal type of growth distribution seen in an elongating plant organ (Fig. 2) . Growth rate (shown in Fig. 2A) is highest in the area immediately subtending the apex of the hypocotyl and subsequently declines . The distribution of expansin activity and expansin sensitivity in cucumber hypocotyls. The same source of wall material was used as in Fig. 2. (A) A crude fraction of wall proteins was salt-extracted from washed cell walls as described in McQueen-Mason el al. (1992) . The protein was assayed for expansin activity in reconstitution assays (as described in Fig. 4) . Protein quantities were normalized to one another on the basis of wall dry weight. Data are the averages of four measurements. (B) For Wall Sensitivity experiments, walls were isolated from the various regions of the stem (as described in Fig. 2 ) boiled for 15 s in water and clamped in an extensometer (as described in Fig. 1 ). After 30 min of extension at pH 4.5, 50^gml"' of a partially purified 'C3' fraction of expansins was applied. Expansin-Induced Extension is expressed as the extension rate in the presence of expansins minus the rate without expansins. C3 proteins were prepared as described in McQueen-Mason el al (1992) . Data are the averages of four measurements.
rapidly in the lower tissues. It was stated at the outset of this review that wall extensibility underlies the capacity of a plant cell to grow. This is clearly evident in this data. Figure 2B shows the rates of acid-induced extension in cell walls isolated from various regions of the hypocotyl, this correlates very closely with the growth rate. Figure 7A shows expansin activity isolated from the cell walls from the same regions of the hypocotyl. Although expansin activity does decline with the fall in growth rate ( Fig. 2A) and acid-induced extension (Fig. 2B) , the correlation is not a very close one with the loss in expansin activity rather trailing that of growth rate and acid-induced extension. Figure 7B charts the susceptibility of the walls to expansin action. In these measurements, walls are isolated from the different regions of the hypocotyl and are then inactivated by a brief heat treatment. The inactivated walls are then tested with defined amounts of expansins in extension reconstitution assays. The amount of extension catalysed by the expansins reflects the sensitivity of the walls to expansin activity. The correlation between sensitivity to expansins, acid-induced extension and growth rate is clearly a lot closer than is that of expansin activity.
This observation may prove very important in our understanding of the mechanisms by which plant growth is controlled. During hypocotyl development it appears that expansin activity endows the walls with the ability to expand. As the cells mature, at least two processes occur to prevent further wall expansion. Expansin activity is reduced and the wall is modified in a manner which prevents expansins from inducing wall extension. It appears that it is this alteration in wall structure that is of key importance during the developmentally regulated cessation of growth. This modification might involve the introduction of a new linkage in the wall which is resistant to expansin action.
It has become clear, since the development of high resolution techniques to measure plant growth continuously, that plant growth rates can be dramatically and rapidly altered by environmental stimuli. Responses to light, gravity, and touch are particularly rapid. A good example of this is the response of rapidly growing etiolated plants to irradiation with blue light. In this case the lag time between light perception and growth inhibition can be as low as 15 s with growth rate inhibited by as much as 63% (Spalding and Cosgrove, 1989) . This change in growth rate has been shown to result from a reduction in cell wall yielding (Cosgrove, 1988) . In contrast to the gradual changes in growth rate that occur during development, it seems most unlikely that these rapid changes could result from changes in gene expression or protein turnover. Light-induced changes in gene expression with consequences in wall structure would necessitate several steps. These include the activation of a light receptor; signal transduction to the nucleus, changes in transcription or translation; protein synthesis and processing; and, finally, export of protein or other products to the wall. It seems likely that an alternative mechanism for the rapid manipulation of wall mechanical properties must be available.
Perhaps, the best candidate for such rapid changes in wall extensibility involves manipulation of the cell wall ionic environment, in particular, wall pH. The basic idea for this has been around for some years in the form of the acid growth hypothesis which was developed to explain part of the growth-promoting effects of auxin (Hager et al, 1971) . The pH-dependence of isolated wall extensibility and its association with the pH-dependence of expansin action have already been discussed. If we turn our attention again to the blue light inhibition of growth, it was reported by Spalding and Cosgrove (1989) that growth inhibition was always preceded by a large and rapid depolarization of the plasma membrane in the seedlings. It has been suggested that this depolarization is most probably due to inhibition of the plasma membrane proton-pumping ATPase (Spalding and Cosgrove, 1992) . The consequence of such inhibition would be to raise the pH of the cell wall space which, in turn, would lower the activity of expansins in the wall and thus reduce cell wall extensibility. This mechanism would allow the protoplast very rapid control of wall extension.
According to this scenario, the role of expansins in the control of wall extensibility is a central one. During development expansin activity is controlled both by the levels of expansin in the walls, and also by the structure of the walls themselves. These changes in structure are, presumably, under the control of a separate enzyme system. During rapid growth responses, the control of the activity of pre-existing expansins by rapid changes in the cell wall ionic environment may be of major importance in regulating wall extensibility.
